To assess the true effect of novel therapies for ischaemic stroke, a positive control that can validate the experimental model and design is vital. Hypothermia may be a good candidate for such a positive control, given the convincing body of evidence from animal models of ischaemic stroke. Taking conditions under which substantial efficacy had been seen in a meta-analysis of hypothermia for focal ischaemia in animal models, we undertook three randomised and blinded studies examining the effect of hypothermia induced immediately following the onset of middle cerebral artery occlusion on infarct volume in rats (n ¼ 15, 23, 264). Hypothermia to a depth of 33 C and maintained for 130 min significantly reduced infarct volume compared to normothermia treatment (by 27-63%) and depended on ischaemic duration (F(3,244) ¼ 21.242, p < 0.05). However, the protective effect varied across experiments with differences in both the size of the infarct observed in normothermic controls and the time to reach target temperature. Our results highlight the need for sample size and power calculations to take into account variations between individual experiments requiring induction of focal ischaemia.
Introduction
Developing new treatments for brain diseases is difficult. The biological systems we are trying to protect or repair are complex and our knowledge of normal function is incomplete. Nevertheless, there is a growing consensus that our current lack of success necessitates a critical re-evaluation of the methodologies we use. This study examines just one step in this development pathway for stroke: the provision of a positive control in therapeutic intervention studies that can be used across experiments to act as a reference point for testing of therapeutic efficacy.
For thrombotic occlusion models, tissue plasminogen activator, which is effective in both animals 1 and man, 2, 3 can serve this role. However, the majority of stroke studies do not use thrombotic occlusion models or may examine the potential of a therapy in the absence of reperfusion, therefore another positive control is required.
The evidence supporting the concept of cytoprotection is extensive, with convincing evidence that under certain circumstances it is possible to protect brain cells. 4, 5 In 2006, O'Collins and colleagues identified 1026 agents tested in laboratory models of stroke.
Of those agents tested in models of focal ischaemia, 62% improved outcome compared to control. 6 However, choosing from these drugs a gold standard for future cytoprotection studies is difficult.
Only hypothermia stands out as having convincing evidence for efficacy in animal models of stroke 7-10 and a body of human evidence suggesting it may be cytoprotective in the human brain. Some of the evidence is anecdotal or circumstantial, such as that from reports of individuals who have made remarkable recoveries following cold water drowning. 11 Other evidence is much more substantive. Few forms of life saving transplant surgery would be possible without the protective effects of hypothermia during organ harvest and transfer. 12, 13 Deep hypothermia is routinely used to protect the brain during cardiac and aortic arch surgery, affording 20-30 min of safe surgical time with complete circulatory arrest. 14 Mild to moderate hypothermia is routinely used to protect the brain in adults with global ischaemia after cardiac arrest 15, 16 and in neonates with hypoxic-ischaemic encephalopathy. 17, 18 There is also clinical evidence of a relationship between body temperature and outcome after human stroke. Lower body temperature upon arrival at hospital after stroke is associated with better outcomes 19 and higher temperatures are associated with worse outcomes. [19] [20] [21] Human clinical trials of hypothermia in stroke are in progress. 22, 23 In this study, we present our laboratory's experience with testing hypothermia as a potential positive control. The conditions suggested by meta-analysis of 101 animal studies of focal cerebral ischaemia were used to design the experiments. Specifically, we hypothesised that hypothermia induced to a depth of 33 C for 130 min initiated immediately after stroke induction would reduce infarct volume by 35%. 8 Our purpose here was not to explore the potential clinical utility of hypothermia but to determine the practicality of using hypothermia as a positive control for assessment of future therapeutic candidates. Given changing research staff is a reality of any laboratory, we show here the impact different surgeons can have on detected efficacy. We report that it is indeed practical to use hypothermia as an effective positive control for stroke studies. However, we also found that differences in degree of initial ischaemic insult induced by different surgical teams impacted on the degree of protection afforded. Variability in stroke induction needs to be carefully regulated.
Methods

Experimental design
Experiments 1 and 2 used an identical experimental protocol ( Supplementary Figure 1 ). Hypothermia to 33 C (or normothermia at 37.4 C) was induced at the onset of transient middle cerebral artery occlusion (MCAo) of 90 min duration. Temperature was controlled for 130 min after occlusion. Twenty-four hours post-MCAo, behavioural deficit was assessed and the brain collected for 2,3,5-triphenyltetrazolium chloride (TTC) staining and infarct analysis. Experiments 1 and 2 differed only in the surgeons inducing focal cerebral ischaemia and assessing brain infarct volume.
Experiment 3 was designed following unexpected results generated by Experiment 2 (Table 1b , Supplementary Figure 2 ). It aimed to examine the effect of hypothermia on different intensities of ischaemia produced by different occlusion durations, and in doing so explore the reasons for the differences in results obtained between the two surgical teams. In experiment 3, the second surgical team induced transient MCAo of 60, 75, 90 and 120 min duration in cohorts of rats that were then maintained under hypothermic (33 C) or normothermic (37.4 C) conditions for 130 min. Again, behavioural assessments were made at 24 h, immediately prior to tissue collection and TTC staining for infarct delineation.
To reduce selection, performance, detection and attrition biases, care was taken to ensure animals were randomised to experimental group, investigators remained blinded to experimental group throughout surgery and during outcome assessments, and data from all animals used in the experiment are included in the reported outcomes.
Specifically, animals were numbered upon arrival at the animal facility. An investigator independent of the surgical procedure randomised the list of animals to experimental group (using Excel random number generator), with details for each animal being sealed in an envelope opened only once the occluding thread was in place. Given that hypothermia is an active treatment to which the surgeon inducing the lesion can no longer be blinded, behavioural assessments were made by an independent investigator unaware of temperature treatment. Digital images of TTC stained brain slices were recoded to ensure experimental group remained concealed throughout infarct assessment.
Initial sample size calculations (see below for detail) based on prior experiments in spontaneously hypertensive rat (SHR) by the surgeon who performed experiment 1 established that cohorts of six would detect a 35% effect size with a power of 0.8 and alpha ¼ 0.05. The data from experiment 1 were used to provide an updated estimate for experiment 2 of n ¼ 10. Larger baseline infarcts induced by these surgeons required the sample size to be adjusted to n ¼ 30 for experiment 3. 
Animals and ethics
All procedures involving animals were approved by the Animal Ethics Committee of Austin Health (Heidelberg, Victoria, Australia) and performed in accordance with institutional and national guidelines (Australian code of practice for the care and use of animals for scientific purposes, 7th edition, 2004) and the Animal Research: Reporting In Vivo Experiments guidelines. 24 Male SHRs were purchased from the Animal Resource Centre (Canning Vale, Western Australia) and acclimatised to the Austin Health animal facility conditions (12:12 day:night cycle, ad libitum access to standard rat chow and water) for at least two weeks before induction of ischaemia. Stroke was induced at 15 weeks of age. In total, 302 animals were used for this study.
Anaesthesia
Anaesthesia was initiated with 5% isoflurane mixed with 50% Medical Air:O 2 in an enclosed box. Once anaesthetised, animals were transferred to a nose cone (Sound Veterinary Equipment, Rowville, VIC, Australia) and anaesthesia maintained in freely breathing rats with 2% isoflurane in 50% Air:O 2 for the rest of the surgical period. Body temperature was maintained at 37 C via a rectal probe coupled to a heat mat on which the rat lay (manufactured in house). A halogen lamp provided additional warmth if required. Intraperitoneal atropine (Astra Pharmaceutical Pty Ltd) in saline (120 mg) was administered to ease respiration through inhibition of bronchial secretions and salivation throughout surgery. Post-operative analgesia was provided in the form of a single rectal suppository of paracetamol (5 mg of a 20 mg/kg solution) and provision of paracetamol (120 mg/kg body weight) in the drinking water. This dose would be unlikely to exert any major effect on temperature. 25 Animals were provided with a 3 ml intraperitoneal injection of 0.9% saline at the end of anaesthesia to help prevent dehydration.
Induction of ischaemia
Cerebral blood flow (CBF) was monitored throughout surgery using Laser Doppler (MoorLab, Devon, UK; in later experiments coupled to iWORX, Dover, NH, USA). A right-angled probe (0.8 mm; MP5b) was positioned over the watershed region between the MCA and ACA territories; 5 mm lateral, 1 mm posterior relative to Bregma.
For all experiments, MCAo was induced using the thread occlusion model, as described by Longa et al. 26 with modifications by Spratt et al. 27 Briefly, after ligation of branch arteries including the pterygopalatine 
Induction of hypothermia
To maximise the likelihood of an effect, body temperature reduction to a target of 33 C was started within 2 min of occlusion and maintained for 130 min. Animal body temperature was maintained at 37.4 C during the surgical dissection until MCAo. Upon insertion of the occluding thread, the experimental group to which the animal was allocated was revealed, at which point induction of hypothermia (to 33 C) was initiated or normothermia (37.4 C) was maintained. Hypothermia was induced via the cooling effect of 70% ethanol sprayed lightly on to the rats' torso together with fan-induced evaporation. The set point of the temperature control box was decreased to 33 C. Normothermia was maintained using small halogen lamps and the temperature control box coupled to a heat mat (set at 37.4 C). After 130 min of temperature regulation, hypothermic animals were warmed to 37.4 C and all animals allowed to recover from anaesthesia. Following surgery, animals were housed individually, with self-regulation of temperature.
Assessment of outcome
At the end of each experiment (24 h after induction of ischaemia) neurobehavioural deficit was assessed using the methods described by Petullo et al. 29 to score forelimb flexion, torso twisting, lateral push resistance, and general mobility. The rats were then killed by decapitation after isoflurane overdose. The brain was cut into 2 mm coronal sections and rapidly stained with a 1% solution of TTC (Sigma-Aldrich, USA) in normal saline. After 10 min staining per side, sections were fixed in 10% formalin. Digital photographs were taken under fixed lighting conditions and infarct area quantified by researchers blinded to treatment allocation using Image J (NIH). Infarct volumes were derived by calculating the average infarct area between slices and multiplying by the distance between slices. The impact of oedema was accounted for by adjusting the infarct area by the degree of swelling of the ipsilateral hemisphere relative to the contralateral hemisphere.
Corrected infarct volume was then expressed as a proportion of the contralateral hemisphere volume.
Statistics and analysis
Statistical analyses were conducted using IBM SPSS Statistics v20 and STATA 13IC. The primary outcome was infarct volume, expressed as a proportion of contralateral hemisphere. Groups were compared using t-tests or ANOVA with Tukey post hoc analysis for between-group comparisons of infarct volume. The effect of hypothermia on behavioural deficit was assessed by generalised odds ratio. 30 Sample size and power calculations based on infarct volume data were performed using a web-based calculator (http://www. statisticalsolutions.net/pssZtest_calc.phpl), using an effect size of 35%, power of 0.8 and alpha 0.05. All data are presented as mean AE standard deviation, with the exception of behavioural score, median AE IQR.
Results
Experiment 1: Reduction of infarct volume by hypothermia using the optimised SHR model: A pilot study
Fifteen animals underwent MCAo during this experiment. Three animals died due to subarachnoid haemorrhage during surgery and before assignment to treatment group. These animals were excluded from further analysis. Six animals for each of the hypothermia and normothermia groups received treatment and completed the experiment.
Both normothermic and hypothermic experimental groups were well matched for body weight, temperature at MCAo, degree of CBF decrement at occlusion and degree of reperfusion at thread withdrawal (Table 1a ). Hypothermia to a depth of 33 C was induced rapidly in animals assigned to the treatment group. The average time to reach the target temperature was 14 AE 1.5 min.
Hypothermia reduced infarct volume by 63.4% (Table 1a , Figure 1 (a), (t(10) ¼ 3.039, p ¼ 0.012) (corrected infarct volume expressed as a proportion of the contralateral hemisphere)). For completeness, Table 1 also shows raw infarct volume and oedema corrected volume. In the normothermia group, damage to the striatum and cortex was observed in all animals. In the hypothermia group, ischaemic damage was generally restricted to the striatum, with cortical damage significantly smaller (103.9 AE 53.1 mm 3 versus 45.4 AE 35.9 mm 3 ; t(10) ¼ 2.238; p ¼ 0.049).
Hypothermia treatment did not influence behavioural deficit when assessed at 24 h (generalised odds ratio ¼ 2.13, 95% CI [0.54, 8.38], p ¼ 0.249) (Figure 2(a) and (b) ). Of the test components, forelimb flexion was found to have the greatest influence (Figure 2(c) ). Within the normothermic group, 83% of animals sustained forelimb flexion at 24 h, whereas only 33% of hypothermic animals had evidence of forelimb flexion.
Experiment 2: Replication study with two different surgeons
Experiment 2 was similar in design to experiment 1, but performed by a different surgical team consisting of two surgeons. These surgeons were well experienced in inducing stroke using the thread occlusion model in rats. Ten animals per cohort were required, based on sample size calculations from experiment 1. A total of 23 animals were used in this experiment. Three animals died due to surgical error before induction of MCAo or randomisation to treatment group. Ten animals were randomised to each treatment group, with five from each surgeon in each group. There were no differences between normothermia and hypothermia groups in terms of weight, CBF change or temperature at MCAo (Table 1b) .
Infarct volume in the hypothermic group was 15.4% lower than in the normothermic group, but this was not statistically significant (Table 1b, Figure 1 (b), t(17) ¼ 0.970, p ¼ 0.346). Post hoc power analysis revealed reduced power of 0.57. There was no difference between normothermia and hypothermia cohorts in terms of behavioural deficit at 24 h (Figure 2(d) to (f)). Post hoc examination of the experiment suggested two factors that may have contributed to hypothermia having a smaller effect on infarct volume than in experiment 1. The first was the time to target temperature, being 19 AE 3.3 min, significantly slower than the 14 AE 1.5 min for the previous experiment (F(1,3) ¼ 12.12, p ¼ 0.004). The second factor that may have contributed to a smaller effect of hypothermia was the trend towards larger infarcts in the normothermia group compared to the previous experiment (221.2 mm 3 versus 156.3 mm 3 , F(1,13) ¼ 3.76, p ¼ 0.07) ( Supplementary Figure 2) . This is consistent with the larger drop in CBF at MCAo between the two experiments (t(29) ¼ À 2.521, p ¼ 0.017).
Experiment 3: Effect of hypothermia across different durations of occlusion
To try to explain the difference in results between experiments 1 and 2 we hypothesised that the extent of ischaemic damage (and therefore infarct volume) could influence the protective potential of hypothermia. A third experiment was designed to examine the effect of occlusion duration (so varying infarct size) and hypothermia treatment initiated at MCAo onset on infarct volume. Stroke induction surgery was performed by the same surgeons as experiment 2.
A total of 264 animals were used in this experiment. Ten animals died before the 24 h endpoint, all of which had either 90 or 120 min occlusion duration, with subarachnoid haemorrhage being the most common cause of death. Details of experimental group numbers are presented in Table 1c . Two hundred and fifty-four animals reached their designated endpoint, with 31-34 animals per experimental group (Table 1c ). In this experiment of 254 animals which completed the experiment, just nine had no detectible infarction. This equates to an experimental failure rate (no infarct induced) of just 3.5%.
Experimental groups were well matched for weight, temperature immediately prior to MCAo and CBF drop at thread insertion (Table 1c) . Animals in the hypothermia group reached 33 C within 14 AE 4.5 min of MCAo onset. This is not significantly different to that of experiment 1 (p ¼ 0.930).
When the primary outcome of infarct as a proportion of contralateral hemisphere was examined, the protective effect of hypothermia was maintained (Table 1c , Figure 1(c) ). Two-way ANOVA found significant effects of occlusion duration (F(3,244) ¼ 21.242, p < 0.001) and temperature (F(1,244) ¼ 65.609, p < 0.001) on infarct volume, with no significant interaction between the two (F(3,244) Behavioural deficit was significantly improved in hypothermia-treated animals (pooled generalised odds ratio ¼ 1.802, 95% CI [1.36, 2.39], p < 0.001)) (Figure 2(g) and (h)), i.e. a random animal from the hypothermia-treated group has an odds of a better outcome (lower behavioural score) 1.8 times higher than a random animal from the normothermia group. When stratified by occlusion duration, hypothermia-treated animals had significantly greater odds of a better outcome after 60 min (odds ratio ¼ 2.86, 95% CI [1.58, 5.17], p ¼ 0.0002) and 90 min tMCAo (odds ratio ¼ 2.16, 95% CI [1.23, 3.79], p ¼ 0.006) (Figure 2(h) ). 30 When forelimb flexion was examined, hypothermia treatment resulted in lower deficit (pooled generalised odds ratio ¼ 1.979, 95% CI [1.50, 2.61], p < 0.001) (Figure 2(i) ). When stratified by occlusion duration, hypothermia treatment resulted in a greater odds of a better outcome in forelimb flexion for 60 min (odds ratio ¼ 2.82, 95% CI [1.58, 5.01], p ¼ 0.000), 90 min (odds ratio ¼ 1.89, 95% CI [1.09, 3.31], p ¼ 0.021) and 120 min tMCAo (odds ratio ¼ 1.87, 95% CI [1.09, 3.21], p ¼ 0.027).
Discussion
In this series of experiments, we have used the conditions suggested by meta-analysis to test the potential of hypothermia to act as a positive control in experiments designed to assess the ability of new drugs to reduce infarct size after transient MCAo in rats. Our results confirm the practicality of doing so. However, during the course of these experiments we noted critical facets of modelling that need to be controlled to ensure this utility. The first small pilot study showed hypothermia to a depth of 33 C initiated at the onset of ischaemia for 130 min duration significantly reduced ischaemic damage by 63%. However, a second small study conducted by a different surgical team showed a diminished protective effect (15%). Because control infarct volumes were substantially larger in this second experiment (221 mm 3 versus 156 mm 3 ) we hypothesised that this caused the diminished protective effect. Follow up in the third larger study by the second surgical team controlled infarct volume by varying occlusion duration to 60, 75, 90 or 120 min. The resulting infarcts could be significantly protected by 50, 56, 37 and 27%, respectively.
For a positive control to be useful, efficacy must be shown across multiple research teams, both within the same laboratory over time and across different laboratories. Differences in the protective effect of hypothermia between experiments 1 and 2 (performed by different surgical teams) highlight the importance of controlling within laboratory experimental conditions. It also suggests that such practicalities (as multiple surgical teams) will need to be carefully considered for multicentre preclinical testing programmes such as Multi-PART (http://www.dcn.ed.ac.uk/multipart/ about.html).
Using variability data from surgical team 2 allowed experiment 3 to be powered appropriately given the shift in pattern of control infarct volume. This experience highlights both the importance of appropriately powering experiments and using data from the individual surgeons for these sample size estimates. If larger animal studies are to be undertaken (such as envisaged in Multi-PART), multiple surgeons will invariably be involved. Being aware and taking into account the variation within and between surgeons is important for ensuring studies are appropriately powered.
What causes these differences between experiments is not clear and requires clarification. Slight variations in performance between individual surgeons may be responsible. For example, using the feeling of resistance when the occluding thread reaches the origin of the MCA as the arbiter of experimental success is subjective, potentially allowing differing degrees of blockage of the MCA. 31, 32 The use of laser Doppler with objective inclusion and exclusion criteria is designed to overcome this. However, as CBF drop at MCAo does not correlate well with infarct volume, criteria for inclusion or exclusion of animals based on Laser Doppler must be carefully considered. 33 Nonetheless, laser Doppler is a useful tool for identifying and excluding inadvertent subarachnoid haemorrhage. 34 Differences between batches of animals over time may also contribute to such results. Subtle differences in the branching of the MCA or in blood pressure (in the SHR) may lead to varying infarct size. 35, 36 However, neither MCA branching nor blood pressure were assessed in these experiments. Another factor that could have contributed to the differing protective effect of hypothermia was a difference in time to reach target temperature. This was significantly slower (19 AE 3.3 min) in the second experiment. In both experiments where hypothermia significantly reduced infarct size, hypothermia to a depth of 33 C was reached within 15 min. Whilst only being a difference of a few minutes, the actual rate of temperature decline may be important.
Across all experiments presented here, hypothermia protected smaller infarcts to a greater extent than large infarcts. This is consistent with most expectations; patients with larger more evolved lesions are likely to do less well than patients with small initial lesions and large penumbras. The greatest benefits are thus likely to be obtained by those patients with the earliest recanalisation. This is certainly consistent with animal data suggesting hypothermia treatment for stroke is greatest in the context of transient MCAo, suggesting that it is likely to work in concert with reperfusion strategies. 8 Given the consistent reduction in infarct volume, we believe hypothermia is a viable option for use as a positive control for future studies of experimental stroke. Whilst we focussed our experimental model here on thread occlusion in the SHR (as infarcts can be consistently induced 28 ), hypothermia has the potential to be applied across different experimental models, and to animals of different species, strains and co-morbidities. Furthermore, given its multiple hypothesised modes of action, 37, 38 hypothermia has the potential to be protective across different degrees of damage (as demonstrated here) and differing locations. It has a distinct advantage over other candidates for use as a positive control in that it is free and able to be induced and maintained using standard surgical monitoring equipment. Whilst the timing of hypothermia onset used here is not clinically relevant, as a positive control in could be an easy inclusion to most experimental designs where temperature control is already an integral part of most experiments.
Whilst this study demonstrates the potential of hypothermia as a positive control for experimental stroke studies, it is limited here to the thread occlusion model in young, male SHR rats, who experience large striatal and cortical infarcts. Exploration of the benefit of hypothermia as a control in other models, and in animals of different strains, sex, age and co-morbidities is an important next step. Similarly, expanding the repertoire of behavioural tests and the timing of assessment into the weeks and months post-stroke would enhance the link between animal models and clinical stroke and align with the STAIR guidelines. 39 In this study, assessment of general disability 24 h after stroke using a standard neuroscore together with assessment of infarct size provided proof of principle that hypothermia could offer an effective positive control. However, 24 h may not be the ideal time to make infarct volume or behavioural assessments because of persistence of anaesthetic and surgical effects. The current STAIR guidelines recommend that therapeutic assessments include studies conducted two weeks or longer after stroke to confirm a sustained benefit. 39 Whilst our study was limited to the first day following stroke, others have shown hypothermia to improve neurological deficit and histological damage in the weeks post-stroke. [40] [41] [42] [43] [44] This supports the idea to use hypothermia as a positive control for both acute and chronic studies. Nevertheless, our systematic review and meta-analysis of therapeutic hypothermia in animal models of ischaemic stroke shows sustained benefit out to two months after stroke and shows that the benefits detected at 24 h and two months are equivalent. 8 Expansion of these studies to include tests more closely linking regional neural injury to outcome, for example forelimb motor cortex and paw dexterity assessed for extended periods after stroke, would provide even more powerful confirmation of these effects, and negate any confounding effects of general anaesthesia that may influence the behavioural assessment used here.
Conclusions
Whilst instigating hypothermia treatment at the onset of stroke is rarely possible, it provided us with the best opportunity to investigate the utility of hypothermia as a practical positive control for future experimental animal studies. A gold standard positive control such as hypothermia would help validate the animal model, experimental design and highlight the relative merits of a new treatment. Here we found that robust protection could be achieved and that randomising and blinding these experiments appropriately with a small team was easily achievable. We also found that baseline ischaemic challenge was a critical determinant of success. This is entirely consistent with a biologically plausible mode of action. The observation that baseline ischaemic challenge was strongly influenced by the surgical team employed is not entirely unexpected but highlights the importance of a priori power calculations tailored to experimental purpose and real world variability data.
